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From Concept to Crystals via Prediction: Multi-Component
Organic Cage Pots by Social Self-Sorting
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Abstract: We describe the a priori computational prediction and
realization of multi-component cage pots, starting with molecular
predictions based on candidate precursors through to crystal structure
prediction and synthesis using robotic screening. The molecules were
formed by the social self-sorting of a tri-topic aldehyde with both a tri-
topic amine and di-topic amine, without using orthogonal reactivity or
precursors of the same topicity. Crystal structure prediction suggested
a rich polymorphic landscape, where there was an overall preference
for chiral recognition to form heterochiral rather than homochiral
packings, with heterochiral pairs being more likely to pack window-to-
window to form two-component capsules. These crystal packing
preferences were then observed in experimental crystal structures.

Introduction

Porous organic cages (POCs) are discrete self-assembled
molecules that contain a permanent intrinsic cavity. They are
typically formed from a binary mixture of precursors using
dynamic covalent chemistries.'"l POCs lend themselves to
crystal engineering approaches,®® and their crystal packing can
be directed to form porous solids.[? Porous cages have been used
in a range of applications including gas adsorption and molecular
separations.®! The a priori design of these molecules remains
challenging, however, both in terms of synthesis and crystal
engineering. In the synthesis step, different potential cage
topologies may be possible, and it can be hard to predict the
synthetic outcome based on the precursors. It is also difficult to
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anticipate how the resulting cages will pack together in a crystal.
This combined uncertainty in both the molecular synthesis step
and the crystallization step makes it essentially impossible to
design solid-state function from knowledge of the cage precursors
alone. The use of more than two distinct cage precursors and the
number of possible outcomes makes this even more challenging.
For example, with a ternary mixture of precursors, one can
observe narcissistic self-sorting into separate binary cages,%'2
social self-sorting into a mixed assembly,’3'4 6 s cr amb | i
statistical mixtures of products,!*' 18] or polymer formation. Hence,
developing methods to predict the synthetic outcome for
combinations of more than two precursors could greatly enhance
our ability to access organic materials with new properties,
particularly if we can couple this with methods to predict solid-
state crystallization. Our Vvision, therefore, is an in silico
6pr ecdorcsroyrsst al s 6 design
complex multi-component supramolecular assemblies.
To date, there are just a few reports of the social self-sorting
of more than two distinct components into discrete cage species,
most likely because of the difficulty in designing these specific,
multi-component assemblies.*®! Recently, Klotzbach and Beuerle
demonstrated that the condensation between a tri-topic catechol
linker and a mixture of di-topic boronic acids can lead to either the
discrete formation of separate two-component cages (narcissistic
self-sorting), or the formation of a three-component cage (social
self-sorting), depend i n g on t he
present on the di-topic linkers.*® Mastalerz and co-workers also
demonstrated the ability to favor the formation of a socially self-
sorted organic cage using a mixture of tri-topic amines by
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Figure 1. (a) Design inspiration for multi-component cage pots i the
combination of a cage window, such as that found in CC3, with the capping
triamine used in CC11 was used to target ternary organic cage @otsosuch as
OCP3; (b) Representation of the organic cage pots and their constituent parts,
along with the precursors selected for screening.
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exploiting differences in solubility compared to the narcissistically
self-sorted 6 p a r e n t8 Coopergpaedo-workers showed that
the condensation between a tri-topic aldehyde and a mixture of
di-topic vicinal diamines led to neither social nor narcissistic self-
sorting, but instead formeda st ati sti cal di s
cages with mixed vertices.['™ An alternative strategy that can also
lead to successful social self-sorting is to integrate orthogonal
reactivity: for example, Severin and co-workers reported the clean
formation of a three-component organic cage using
mechanochemistry by employing both imine and boronic acid
condensations.?”

The self-sorting of multi-component cages is typically
approached by mixing precursors in a dynamic combinatorial
style, and (sometimes) post-rationalized using computational
modelling. There is now an increasing drive to use computational
prediction prior to synthesis as a tool to guide the discovery of
useful and increasingly complex species. This is valuable
because the synthesis and characterization of a new molecule
can often take many months in the laboratory. In recent years,
advances in computational modelling have enabled the reliable
design and prediction of the formation of organic cages, including
the topology most likely to be formed by synthesis?'' 2l and the
subsequent crystal structure packing, including preferences for
forming racemic or enantiopure forms.[6241281 However, a priori
computational design becomes increasingly complicated when
the number of distinct components increases because of the
potential to form different self-assembled competing products.

Our aim here was to predict and then synthesize a capping
uni t, or thatineorperategs a dage window?”28 for chiral
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recognition with related imine cages (Figure 1la) and a chiral
binding site.?*3% We successfully predicted and then realized
three-component organic cage pots (OCPs) formed via the social
self-sorting of a tri-topic amine, di-topic amine and tri-topic
raldehydd (Figune 1ad. The fosnatioreofrtheseecalé pots does not
require orthogonal reactivity, and it does not use an additional
component of the same topicity; that is, it does not use two tri-
topic or di-topic amines with a tri-topic aldehyde, as exploited in
other examples.[*31419.201 Crystal structure prediction (CSP) was
carried out a priori on the cage pots that contained a &C3-
| i B gvindow as the common assembly motif, allowing in silico
screening to determine the lowest energy crystal structures, and
their potential for porosity, chiral recognition between cages, and
polymorphism. Previously, the self-sorting of two precursors into
a specific cage topology has been predicted, as has the crystal
packing of known, two-component cages.®?12433 However, this
study is the first example of the design and prediction for POCs
all the way from the cage precursors to CSP, coupled with
experimental robotic screening to realize the predicted products.

Results and Discussion

With a cage pot topology in mind as the design target, we selected
a range of precursors where the di-topic amine and tri-topic
aldehyde were varied while using the same tri-topic amine
throughout, thus giving five different hypothetical cage pots
(Figure 1b). Models of each 6 p averédbuilt and analyzed prior to
any laboratory work (Figure 2). For each cage pot, the low-energy

Social Self-Sorting: Ternary Organic Cage Pots
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Figure 2 Computational models of the hypothetical organic cage pots (OCPs) that could be formed if social self-sorting occurs using a tri-topic amine, tri-topic
aldehyde, and di-topic amine (top), and the complementary binary parent cages that could form if narcissistic self-sorting occurs (bottom). Hydrogens are omitted for
clarity. The number assigned to each OCP relates to the binary parent cage that is usually formed from the reaction between the tri-topic aldehyde and the di-topic
amine, for example, OCP1 relates to CC1, OCP3 relates to CC3, OCP7 relates to CC7, etc.



conformations were explored with molecular dynamics using the
OPLS3 force field,® before using density functional theory (DFT)
calculations to optimize those structures for a more accurate
energetic ranking at the PBE/TZVP-MOLOPT level in CP2K with
a Grimme-D3 dispersion correction. For full computational details,
refer to section 1 of the supporting information. To allow direct
comparison of the formation energies withthe 6 p a r e n ttiat
could be formed if narcissistic self-sorting occurred between the
trialdehyde with either the di-topic or tri-topic amines, the energies
were normalized by calculating the formation energy per imine
bond formed (Table 1).2% While this approach does not consider
effects such as solvation or the kinetic route to the cages, these
formation energies have been shown previously to correlate with
experimental trends for cage viability, in particular ruling out cases
with unfavorable formation energies.?®! Generally, the cage pot
formation energies were similar to the parent cage molecules,
suggesting that the socially self-sorted pots were synthetically
viable, with the formation energy per imine bond for OCP3 (-19 kJ
mol?) and OCP7 (-20 kJ mol') being the most energetically
favorable.

Table 1. Comparison of the formation energies per imine bond formed for the
three-component socially self-sorted cage pots, with the two-component
narcissistically self-sorted parent cages.

Assembly

Formation Energy Formation Energy

Socially ) Narcissistically )
per Imine Bond per Imine Bond
Self-Sorted Formed (kJ mol?) Self-Sorted Formed (kJ mol?)
[4+4] -20.6
OCP1 -13.7
CC1 -13.5
[4+4] -20.6
OCP3 -19.2
CC3 -21.3
[4+4] -20.6
OCP4 -15.7
CCc4 -18.5
[4+4] -20.6
OCP-prop -14.4
[2+3]-prop -10.2
CC11 -24.7
OCP7 -19.6
cc7 -21.6

We next carried out a high-throughput synthetic screen of
the different multi-component cage pots, alongside the two-
component parent cages as controls (Figure 2). Overall, this led
to five reactions containing all three components (OCPs: tri-topic
amine, tri-topic aldehyde, and di-topic amine), and seven
reactions containing two components (one of: tri-topic amine and
tri-topic aldehyde, or tri-topic aldehyde and di-topic amine). For
full details of the high-throughput synthesis methods, refer to
section 3 of the supporting information. Analysis of the multi-
component reaction mixtures using *H NMR spectroscopy and
high-resolution mass spectrometry (HRMS) suggested the
successful formation of two organic cage potsd OCP3 and OCP7
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d the same two assemblies that were predicted a priori to be the
most energetically favorable. Further analysis suggested that the
major products were the socially self-sorted cage pots, with a
small amount of narcissistic self-sorting to the binary cages CC3
and CC11, respectively, which tallies with the formation energies
that were predicted to be similar to the multi-component cage pots.

¢ @@ arsl OCP3 could be separated by analytical HPLC using our
standard optimized conditions for organic cages (Figure S9),
confirming a ratio of ~2:1 OCP3:CC3 that corresponded with that
observed in the *H NMR spectra (Figure S11), suggesting that
purification by preparative-HPLC was possible. However, CC11
and OCP7 had very similar retention times (Figure S12), which
meant that OCP7 could not be isolated by preparative-HPLC,
although the *H NMR spectra suggested a favorable ~8:1 ratio of
OCP7:CC11 had been formed (Figure S14). With a successful hit
for the formation of an organic cage pot, and the ability to purify it
by preparative-HPLC, OCP3 was investigated further; the
synthesis was scaled up, and the use of different enantiomers of
the di-topic amine (R,R; S,S; rac) were investigated to afford
OCP3-R, OCP3-S, and OCP3-rac respectively, for use in
crystallization studies.

During this process, the reactions were monitored at room
and elevated temperature, and whilst the formation of the pot was
apparent after 2 days, after prolonged heating for 5 days, the
reaction had reached equilibrium with no further change apparent
in the product mixture in the spectra, and the majority of side-
products had been converted to either OCP3 or CC3 (Figure S15-
S17). Further, the solution of equilibrated species was found to be
stable on standing. However, the ratio of OCP3:CC3 was found
to improve, from ~2:1 in the high-throughput screen, to between
~5.5:1 and ~13:1 (see section 4 of the supporting information).
This suggests that the ratio of pot to cage formed experimentally
is directly influenced by the ratio of precursors used, with accurate
guantities of each precursor required to favor and achieve the
highest conversion to the socially self-sorted cage pots, which is
possible with less error during scale-up.

The results pose an interesting question; is our observed
formation of OCP3 and OCP7 via social self-sorting
thermodynamically or kinetically driven? While experimentally the
ratio of self-sorting to narcissistic-sorting ranged from ~5.5:1 to
~13:1, the DFT calculated formation energies suggest that the
energetic driving force favours narcissistic self-sorting over cage
pot formation, albeit by a small margin, especially given potential
DFT errors of a few kJ mol™. However, these calculations do not
account for entropy differences, which should favour the social
self-sorting for both OCP3 and OCP7 on the basis of a smaller
loss of rigid molecule (rotational and translational) entropy; this is
due to the larger number of product molecules for social sorting.
An estimate of entropic contributions to the free energy difference
is provided in section 1.1 of the supporting information, which
supports the thermodynamic argument: the entropic advantage
outweighs the formation energy difference for OCP3 and OCP7,
but not for OCP4 and OCP-prop, while energy and entropy are
finely balanced for OCP1. Further, we neglect the influence of
solvent, which could influence the relative energies of the reaction
outcomes, for instance the contribution of some non-covalent
interactions in stabilizing the molecules may be exaggerated in
gas-phase calculations.
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Figure 3 (a) Lattice energy rankings for OCP3, with racemate structures (OCP3-R/S) shown in red and enantiopure structures (OCP3-S) shown in blue; (b) Window-
to-window packing preferences over the CSP energy landscapes for homochiral OCP3-S and racemate OCP3-R/S: blue data points are structures with homochiral
window-to-window interactions, red data points are structures with heterochiral window-to-window interactions; (c) Lowest energy predicted homochiral OCP3-S
structure, showing a staggered vertex-to-window packing, and racemic OCP3-R/S, showing window-to-window packing.

In some systems, solvent choice is known to influence the
reaction outcome, and it was estimated that the free energy
difference between solvents could be up to 17 kJ mol™.B¥ |t is
therefore plausible that differences in the relative solvent
stabilization between the reactants and products could influence
the experimentally observed product ratios. It is also known that
kinetic trapping of cage products can occur, which we did not
consider here as it is extremely computationally demanding to get
accurate free energies for every step of the reaction pathway.
Given the uncertainties in entropic and solvent contributions, we
cannot be certain whether kinetic or thermodynamic effects drive
the preference for self-sorting in this case; this remains an open
question for much of supramolecular chemistry.

Before investigating the crystallization of these organic cage
pots, CSP was carried out to evaluate the lattice energies for
candidate crystal packings, and to investigate the potential of
these cage pots for porosity, chiral recognition, and polymorphism
in the solid state. Prior to CSP, we studied the window-to-window
interaction between the pots using dispersion-corrected DFT
(DFT-D) cluster. models of the dimers, to compare the strength of
the interaction to that in CC3 dimers which contain the same
windows. It was found that the strength of the window-to-window
interaction is only slightly weaker for OCP3 (-171 kJ mol) when
compared to CC3 (-198 kJ mol?). Alongside this, the dimer
models also suggested that chiral recognition between the
supramolecular cage species is preserved, with a stronger
stabilization observed for the OCP3-R/OCP3-S dimer (-171 kJ

mol™t) compared to OCP3-S/OCP3-S dimer (-125 kJ mol?) based
on the interaction energies (Table S2).

We next used CSP to obtain energy landscapes of predicted
structures to provide information about the packing preferences
of the pots. The predicted crystal structures for homochiral OCP3-
S and racemic OCP3-R/S show the typical trend of lattice energy
decreasing with increasing density (Figure 3a), and the absence
of any |l arge energy gap°8 indhe
distribution of structures suggests that there is not one mode of
crystal packing that is dominant. The results show that chiral
recognition is generally preferred; OCP3-R/S results in lower
energy structures than homochiral OCP3-S, and the global
minimum on the R/S landscape is 8.4 kJ mol* more stable than
the global minimum on the S/S landscape. The preference for
forming a racemate over an enantiopure system is similar to the
observation for the parent cage CC3,?4 but the energetic
preference is larger (ca. 30 kJ molY)® for CC3 because the
chirality affects four window-to-window interactions per CC3,
compared to only one window-to-window interaction per OCP3.
Alongside this, when analyzing the packing preferences across
the entire landscape, we find that the racemic OCP3-R/S
structures are more likely to exhibit window-to-window packing
than the homochiral OCP3-S/S structures (Figure 3b). Many of
the predicted structures on the OCP3-R/S landscape exhibit
window-to-window interactions, including the lowest energy
structure and most structures that lie along the low energy edge
of the landscape.
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Figure 4 (a) Synthesis of the self-sorted cage pot OCP3, formed from the reaction of a tri-topic aldehyde with both di-topic and tri-topic amines; (b) Homochiral
organic cage pots are formed depending on the chirality of the vicinal diamine used: S,S-CHDA leads to OCP3-S, and R,R-CHDA leads to OCP3-R; (c) Crystal
structures grown from solutions of OCP3-R, a 1:1 mixture of homochiral OCP3-R with homochiral OCP3-S, and OCP3-rac (formed directly using rac-CHDA in the
multi-component one-pot reaction) in methanol i OCP3-R are shown in red, OCP3-S are shown in blue, and hydrogens are omitted for clarity.

While both heterochiral (OCP3-R/S) and homochiral (separate
OCP3-S/S and OCP3-R/R pairs) window-to-window interactions
are possible in OCP3-R/S structures, only a small number of the
predicted structures contain homochiral window-to-window
interactions (Figure 3b).

Despite the greater prevalence of heterochiral pairings on
the OCP3-R/S CSP landscape, we find that the lowest energy
structure with homochiral pairings is energetically competitive
with the best structures with heterochiral pairs. Thus, crystal
packing can override the inherent energetic preference for
heterochiral interactions seen in the isolated dimer calculations.
In contrast to OCP3-R/S, only a small proportion of OCP3-S
predicted crystal structures contain  window-to-window
arrangements of OCP3 molecules and these are found in the
higher energy regions of the landscape.

This preference can be seen clearly in the lowest energy
predicted structures (Figure 3c), with the racemate OCP3-R/S
demonstrating window-to-window packing, whilst the homochiral
OCP3-S/S shows a staggered vertex-to-window structure i this
difference in preferential packing for the homo- and hetero-chiral
crystals has also been observed previously in the TCC1-3 cage
family. However, in both cases, there is a dense collection of low-
energy structures; as such, it can be expected that the systems
might be polymorphic i for example, within 7.2 kJ mol? of the
lowest energy structure, which is the typical energetic range of
polymorphism,8 there are 14 structures for homochiral (OCP3-
S/S), and 27 for racemic cage pots (OCP3-R/S).

Overall, CSP suggested that for OCP3, chiral recognition can
be expected but, with no single preferential crystal packing motif

apparent, we expected these systems to have a high chance of
being polymorphic. As such, solvent might play a key role in
determining which structures are obtained. Solvent templating
effects in cage systems have been found previously to have a
large energetic influence; for example, in the case of CC1,
different solvents stabilize structures over a range of
approximately 50 kJ mol! on the computer crystal structure
landscape.¥ Void analysis of the hypothetical landscapes for the
OCP3 structures suggested that almost all of the low energy
structures had closed, zero-dimensional pores, with a few lower
density structures having 1-dimensional pores (Figure S1). The
lowest energy structure from the CSP for OCP3-S has only
isolated voids that are extrinsic to the pot (Figure S3), with a pore
limiting diameter (PLD) of 2.8 A and a largest cavity diameter
(LCD) of 4.6 A, whereas OCP3-R/S has isolated voids with a
mixture of intrinsic voids (between window-to-window packed
pots) and extrinsic isolated voids (Figure S4), a PLD of 1.2 A and
a LCD of 4.5 A. These LCDs would be sufficient to host small
gases, such as xenon and krypton.

While CSP suggested that the majority of structures would not
possess any 1-, 2-, or 3-dimensional pore structures, as might be
expected for these cage pots that possess only a single guest
accessible window, we were still interested in confirming their
crystal structures by experiment to test the CSP conclusions. To
do this, analytically pure samples of each of OCP3-R, -S, and i
rac, were obtained using preparative-HPLC, and a crystallization
screen was carried out. Single-crystals were grown by slow
evaporation of methanol from homochiral OCP3-R, a 1:1 mixture
of homochiral OCP3-R with homochiral OCP3-S, and OCP3-rac,



